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We study the process of co-polarized spontaneous four-wave mixing in single-mode optical fibers,
with an emphasis on an analysis of the conversion efficiency. We consider both the monochromatic-
pumps and pulsed-pumps regimes, as well as both the degenerate-pumps and non-degenerate-pumps
configurations. We present analytical expressions for the conversion efficiency, which are given in
terms of double integrals. In the case of pulsed pumps we take these expressions to closed analytical
form with the help of certain approximations. We present results of numerical simulations, and
compare them to values obtained from our analytical expressions, for the conversion efficiency as a
function of several key experimental parameters.
PACS numbers: 42.50.-p, 03.65.Ud, 42.65.Hw
I. INTRODUCTION
Photon pair sources based on spontaneous parametric
processes have represented a crucial enabling technology
for fundamental tests of quantum mechanics [1] and for
the implementation of quantum-information processing
protocols [2]. An important distinction among sponta-
neous parametric photon-pair sources is whether they are
based on second-order non-linearities in crystals [3], or on
third-order non-linearities, often in optical fibers [4, 5].
In the first case, we refer to the process as spontaneous
parametric downconversion (SPDC) while in the second
case we refer to the process as spontaneous four-wave
mixing (SFWM). The fact that two pump photons are
annihilated per photon pair generation event in the case
of SFWM rather than only one, in the case of SPDC,
represents the key underlying difference between these
two processes. This essential difference can make SFWM
sources superior in terms of a greater ability to engineer
the photon-pair properties [6], and in terms of a different
dependence of the emitted flux on certain experimental
parameters which favors bright photon-pair sources.
Of course, an important consideration in the design
and implementation of photon-pair sources is the emis-
sion flux, or equivalently, the conversion efficiency. On
the one hand, the ability to compare the expected flux
in a number of different experimental situations is an
important tool for the design of specific sources and ex-
periments. On the other hand, our understanding of a
photon-pair source is not complete without a full appre-
ciation of the dependence of the conversion efficiency on
all relevant experimental parameters. The motivation be-
hind this paper is to present specific analytic expressions
for the conversion efficiency expected in the spontaneous
four wave mixing process in optical fibers. While we re-
strict our attention to co-polarized SFWM (i.e. we as-
sume the same polarization for all four fields) and likewise
we restrict our treatment to cases where all four fields
propagate in the fundamental fiber mode, we consider a
number of other source variations. Specifically, we con-
sider both pulsed and monochromatic pumps, as well as
both degenerate and non-degenerate pumps. We derive
expressions for the conversion efficiency in the form of in-
tegrals, which where possible we take to closed analytic
form under certain approximations. We compare val-
ues derived from numerical integration of the conversion
efficiency expressions (without resorting to approxima-
tions) to corresponding values derived from expressions
in closed analytic form. We also note that this work
could be extended in a straightforward manner to also
incorporate the cases of cross-polarized SFWM, and of
the SFWM process in bi-refringent fibers.
Let us note that for second-order non-linear processes
which are stimulated in nature, such as second harmonic
generation, the emitted flux scales as the square of the
incident pump power, and scales linearly with the pump
bandwidth [7]. This is a result of the fact that two pump
photons are combined to generate each second-harmonic
photon. In the case of SFWM, even though the process
is spontaneous in nature, two pump photons are like-
wise involved in every photon-pair generation event. This
leads to the same dependence of emitted flux on pump
power and pump bandwidth, for spontaneous four wave
mixing in a third-order non-linear medium, as compared
to (stimulated) second harmonic generation in a second-
order non-linear medium. This is to be contrasted with
SPDC for which the emitted flux scales linearly with
pump power and is constant (within the phasematching
bandwidth) with respect to the pump bandwidth. The
fact that in some respects SFWM sources behave essen-
tially as a stimulated process would in a second-order
non-linear medium, coupled with long interaction lengths
possible, favors SFWM over SPDC sources in terms of the
attainable photon-pair flux. As a concrete illustration, in
a remarkable recent SPDC experiment [8], despite exten-
sive source optimization the observed photon-pair flux is
∼ 500 times lower compared to a representative SFWM
experiment [9], when computing the flux per unit pump
power and per unit emission bandwidth.
While some previous works have analyzed the emit-
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2ted flux in the SFWM process [10–12], in this paper
we aim to present a unified approach leading to ex-
plicit conversion efficiency expressions, together with cor-
responding numerical simulations, valid for the pulsed-
and monochromatic-pumps regimes, as well as for the
degenerate- and non-degenerate-pumps configurations.
II. DERIVATION OF THE RATE OF EMISSION
In this paper we study the process of spontaneous four-
wave mixing in optical fibers, in which nonlinear phenom-
ena originate from the third-order susceptibility χ(3). In
this process, two photons (one from each of two pump
fields E1 and E2) can be jointly annihilated to give rise
to the emission of a photon-pair comprised of one photon
in the signal mode Eˆs and one photon in the idler mode
Eˆi. In our analysis we assume that all fields propagate in
the same direction along the fiber (which defines the z-
axis), and in the fundamental transverse mode supported
by the fiber. The electric fields can be written in the
form Eµ = (E
(+)
µ +E
(−)
µ )/2; the superscripts (+)/(−) de-
note the positive-/negative-frequency parts of the electric
field. While we assume that all four participating fields
are linearly polarized, parallel to the x-axis, our analy-
sis could be adapted to cross-polarized spontaneous four
wave mixing processes. In this paper, we specifically fo-
cus on the rate of emission of photon-pair sources based
on spontaneous four wave mixing in optical fiber.
It can be shown that the SFWM process is governed
by the following Hamiltonian
Hˆ(t) =
3
4
oχ
(3)
×
∫
d3rE
(+)
1 (r, t)E
(+)
2 (r, t)Eˆ
(−)
s (r, t)Eˆ
(−)
i (r, t), (1)
where the integration is carried out over the portion of
the nonlinear medium which is illuminated by the pump
fields, and o is the vacuum electrical permittivity.
The quantized signal and idler fields can be written in
the form
Eˆ(+)(r, t) = i
√
δkf(x, y)
×
∑
k
exp [−i(ωt− kz)] `(ω)aˆ(k), (2)
where the angular frequency ω is a function of k, as de-
fined by the dispersion relation. δk = 2pi/LQ is the mode
spacing, written in terms of the quantization length LQ.
Function `(ω) is given as follows
`(ω) =
√
~ω
pion2(ω)
, (3)
in terms of the (linear) refractive index of the nonlinear
medium n(ω) and of Planck’s constant ~. In Eq. (2),
aˆ(k) is the annihilation operator associated with the fun-
damental propagation mode in the fiber, and f(x, y) rep-
resents the transverse spatial distribution of the field,
which is normalized so that
∫∫ |f(x, y)|2 dxdy = 1, and
which is here approximated to be frequency-independent
within the bandwidth of signal and idler modes.
In our analysis, we assume that the two pumps can be
well-described by classical fields, expressed in terms of
their Fourier components as
E(+)ν (r, t) = Aνfν (x, y)
×
∫
dωαν(ω) exp [−i (ωt− k(ω)z)] , (4)
where, for each of the two pump fields (ν = 1, 2): Aν is
the amplitude, αν(ω) is the spectral envelope with nor-
malization
∫
dω|αν(ω)|2 = 1 and fν(x, y) is the transverse
spatial distribution. Functions fν(x, y) are approximated
to be frequency-independent within the spectral width of
the pump pulses and exhibit the same normalization as
their signal and idler counterparts (see Eq. (2)). It can
be shown that Aν is related to pump peak power, Pν ,
according to the relation
Aν =
[
2Pν
ocnν
∣∣∫ dωαν(ω)∣∣2
]1/2
, (5)
in terms of nν ≡ n(ωoν), where ωoν represents the carrier
frequency for pump ν.
By replacing Eqs. (2) and (4) into Eq. (1), and fol-
lowing a standard perturbative approach [13], it can be
shown that the two-photon state produced by sponta-
neous four-wave mixing is given by |Ψ〉 = |0〉s|0〉i+ζ|Ψ2〉,
where |Ψ2〉 is the two-photon component of the state
|Ψ2〉 =
∑
ks
∑
ki
Gk(ks, ki) aˆ
†(ks)aˆ†(ki)|0〉s|0〉i, (6)
written in terms of the joint amplitude Gk(ks, ki) and a
constant ζ, related to the conversion efficiency
ζ = i
3(2pi)χ(3)oLδk
4~
×A1A2
∫
dx
∫
dyf1(x, y)f2(x, y)f
∗
s (x, y)f
∗
i (x, y). (7)
The function G(ωs, ωi) = `(ωs)`(ωi)F (ωs, ωi) results
from writing Gk(ks, ki) in terms of frequencies rather
than wavenumbers and represents the joint spectral am-
plitude, written in terms of the function F (ωs, ωi) given
by
F (ωs, ωi) =
∫
dω α1(ω)α2(ωs + ωi − ω)×
sinc
[
L
2
∆k(ω, ωs, ωi)
]
ei
L
2 ∆k(ω,ωs,ωi). (8)
3Note that the spectral dependence of `(ω) (see Eq. (3))
tends to be slow over the frequency range of interest. If
this dependence is neglected [14], the photon pair spec-
tral properties are fully determined by function F (ωs, ωi),
which from this point onwards we refer to as the joint
spectral amplitude function. In Eq. (8), ∆k(ω, ωs, ωi)
represents the phasemismatch, given by
∆k (ω, ωs, ωi) = k (ω) + k (ωs + ωi − ω)
− k (ωs)− k (ωi)− (γ1P1 + γ2P2) , (9)
which includes a nonlinear contribution (γ1P1 + γ2P2)
derived from self/cross-phase modulation [6], where γν is
the nonlinear coefficient given by
γν =
3χ(3)ωoν
4oc2n2νA
ν
eff
. (10)
In the above expression, we have defined nν ≡ n(ωoν)
and the effective area Aνeff ≡ [
∫ ∫
dxdy|fν(x, y)|4]−1, in
terms of the carrier frequency ωoν for pump-mode ν [15,
16].
For ease of calculating the emitted flux for fiber-based
SWFM sources we assume that the photon pairs, once
generated in the fiber of length L considered in our cal-
culation, propagate along a continuation of this fiber to
the detectors, in such a way that no further photon pairs
are produced. In a realistic experiment this could be
achieved by suppressing pump photons through the use
of appropriate spectral filters. Thus, the (linear) optical
properties of the fiber through which the photon pairs
propagate in order to reach the detectors is assumed to
be identical to those of the fiber length where genera-
tion takes place. Likewise, we assume that the photon
pairs are split into separate spatial signal and idler modes
(e.g. with a fiber-based beam splitter) and we refer to
the count rate of an individual mode (e.g. the signal
mode) as the source brightness. In order to proceed with
our analysis, we are interested in the expectation value
of the signal-mode energy density given by
u(r, t) =
1
2
〈Ψ2|Eˆ(−)s (r, t)Dˆ(+)s (r, t)|Ψ2〉, (11)
where Dˆs(r, t) = Eˆs(r, t) is the signal-mode electric dis-
placement operator,  is the medium permittivity and Eˆs
is given according to Eq. (2). Nevertheless, since prop-
agation occurs along the z axis, it is convenient to cal-
culate the linear energy density uz(z, t) by integrating
u(r, t) over the transverse coordinates x and y. Conse-
quently, replacing Eqns. (2) and (6) into Eq. (11) we can
show that
uz(z, t) = ϑ
∫
dks
∫
dk′s
∫
dki `[ω(ks)]`D[ω(k
′
s)]
×G∗(ks, ki)G(k′s, ki)
× e−i[ω(k′s)−ω(ks)]te−i(ks−k′s)z, (12)
where ϑ = 2|ζ|2/(δk)2 (note that ζ is linear in δk so that
ϑ is constant with respect to δk) and is explicitly given
by
ϑ =
23(2pi)22on1n2c
2
~2ωo1ωo2
L2γ2P1P2
|∫dωα1(ω)|2|∫dωα2(ω)|2 , (13)
and `D(ω) = on
2`(ω). The linear energy density, see
(Eq. (12)), has been written in terms of the nonlinear
coefficient γ [17] (which is different from γ1 and γ2 of
Eq. (10)), defined as
γ =
3χ(3)
√
ωo1ω
o
2
4oc2n1n2Aeff
, (14)
where Aeff is the effective interaction area among the
four fields given by
Aeff =
1∫
dx
∫
dyf1(x, y)f2(x, y)f∗s (x, y)f∗i (x, y)
. (15)
Note that the above expression for Aeff takes into ac-
count the normalization assumed for the transverse spa-
tial distribution of each of the four modes which partici-
pate in the process of SFWM.
In Eq. (12) k-vector sums have been converted to in-
tegrals, which can be done in the limit LQ → ∞, so
that δk
∑
k →
∫
dk. This equation gives the signal-mode
linear energy density. The total signal-mode energy can
be obtained by integrating uz(z, t0), evaluated at a given
time t0, over coordinate z within the spatial extent of
the generated bi-photon wavepackets. For this calcula-
tion, we consider two cases: i) pulsed pump fields, and ii)
monochromatic pump fields, which are addressed in the
following two subsections.
A. Pulsed pump configurations
In order to carry out further calculations for the spe-
cific case of pulsed pumps, we limit our treatment to
pump fields with a Gaussian spectral envelope, which
can be written in the form
αν(ω) =
21/4
pi1/4
√
σν
exp
[
− (ω − ω
o
ν)
2
σ2ν
]
, (16)
where ωoν represents the central frequency and σν de-
fines the bandwidth. Replacing Eqs. (3), (8), (13) and
(16) into Eq. (12) we obtain the following expression for
the SFWM signal-mode energy produced by an isolated
mode-1 pump pulse interacting with an isolated mode-2
pump pulse
4Us =
∞∫
−∞
dzuz(z, t0) =
26~c2n1n2
pi2ωo1ω
o
2
L2γ2P1P2
σ21σ
2
2
×
∫
dωs
∫
dωi
ω2sk
(1)(ωs)
n2(ωs)
ωik
(1)(ωi)
n2(ωi)
|f(ωs, ωi)|2 , (17)
in terms of a version of the joint spectral amplitude (see
Eq. (8)) defined as f(ωs, ωi) = (piσ1σ2/2)
1/2F (ωs, ωi),
which does not contain factors in front of the exponen-
tial and sinc functions so that all factors appear explicitly
in Eq. (17). Note that the signal-mode energy density
has appreciable values within the overlap region between
the two pump pulses along z; because we are consider-
ing for this calculation a single isolated pulse for each
of the two pump modes, we have extended the integra-
tion limits to ±∞ in Eq. (17). In the derivation of this
equation, integrals over ks and ki were transformed to
frequency integrals through the relation dk = k(1)(ω)dω,
where k(1)(ω) represents the first frequency derivative of
k(ω).
In order to calculate the number of signal-mode pho-
tons generated per mode-1/mode-2 pump pulse pair,
we first express Us in terms of the signal-mode spec-
tral energy density, us(ωs), defined such that Us =∫
dωsus(ωs). The corresponding spectral photon num-
ber density is then given by Ns(ωs) = us(ωs)/(~ωs) and
finally the total emitted-photon number is obtained as
Ns =
∫
dωsNs(ωs).
We are interested in calculating the conversion effi-
ciency in the co-polarized SFWM process, which we de-
fine as η = Ns/Np, where Np = N1 +N2; here, Nν is the
number of photons per pump pulse for each of two pump
modes (with ν = 1, 2). For sufficiently narrowband pump
pulses, it is acceptable to write Nν = Uν/(~ωoν), where
Uν is the energy per pulse in mode ν. In this case, we
arrive at the following expression for Nν
Nν =
√
2piPν
~ωoνσν
. (18)
The photon-pair conversion efficiency can then be writ-
ten as
η =
28~2c2n1n2
(2pi)3
L2γ2N1N2
σ1σ2(N1 +N2)
×
∫
dωs
∫
dωi
ωsk
(1)
s
n2s
ωik
(1)
i
n2i
|f(ωs, ωi)|2 . (19)
Through Eq. (19), we may gain an understanding of
the dependence of the conversion efficiency on various
experimental parameters, including the fiber length L,
the pump peak powers (P1 and P2) and the pump band-
widths (σ1 and σ2). Besides these parameters, the con-
version efficiency of course also exhibits a dependence on
fiber dispersion properties through the phasemismatch
(see Eq. (9)). From Eq. (19), it is clear that η varies
quadratically with the nonlinear coefficient γ, which im-
plies that it has an inverse fourth power dependence on
the transverse mode radius [15]. This means that, in gen-
eral, a small core radius leads to large rates of emission
(note that this trend may be reverted for sufficiently nar-
row fibers for which the mode radius can increase as the
core radius is reduced [18, 19]).
The dependence on pump peak power is clear from
Eq. (19), where Nν is linear in Pν according to Eq. (18).
As expected, Ns exhibits a quadratic dependence on the
pump power (or, alternatively, η exhibits a linear depen-
dence on the pump power), which is more evident for
degenerate pumps, for which P1 = P2 ≡ P . This be-
havior represents an important difference with respect
to photon-pair sources based on SPDC in second-order
nonlinear crystals, for which Ns is linear in pump power.
In fact, a quadratic dependence of the generated power
on the pump power, in the case of second-order nonlin-
ear optics, is associated with stimulated processes such
as second harmonic generation rather than with sponta-
neous processes. This quadratic pump-power scaling rep-
resents a clear advantage of the process of SFWM over
SPDC, in terms of the attainable photon-pair flux, for the
design of bright photon-pair sources. Note that because
the phasemismatch has an additive term which is linear
in P1 and P2, for large enough pump powers there can
be a deviation from this stated quadratic dependence.
In common with SPDC, a concern with SFWM is that
for sufficiently high conversion efficiencies, multiple pho-
ton pairs can be generated at a given time. This rep-
resents a limitation, since many experiments rely on the
emission of individual photon pairs, i.e. which can be
well isolated from other photons both spatially and tem-
porally. Thus, for example, the existence of multiple-
pair amplitudes implies that a detection event (with a
non-photon-number resolving detector), say in the idler
mode of an SPDC source, cannot herald a true single
photon in the signal mode of the source. In practice,
this means that the conversion efficiency (which depends
on experimental parameters such as the nonlinearity and
the pump power) must be limited so that the probability
of multiple pair emission remains negligible. Let us note
that other physical systems (e.g. biexcitonic decay in
quantum dots [20]) are capable of true photon pair emis-
sion. However, SPDC and SFWM remain highly flexible
platforms for photon pair emission, with entanglement
characteristics which can be tailored according to the re-
quirements of specific applications.
The dependence of the conversion efficiency on the
fiber length L and on the pump bandwidths (σ1 and σ2)
is not as simple to deduce from Eq. (19), compared to the
pump power dependence, because these parameters are
implicit in the joint spectral function (see Eq. (8)) which
is given by a convolution-type integral. In general, as
L increases the joint spectral intensity |f(ωs, ωi)|2 tends
to exhibit a width in the space of generated frequencies
5which scales as L−1. Equation (19) then tells us that
the conversion efficiency tends to be linear in L. How-
ever, as we will see below, certain situations (such as
non-degenerate pumps) can lead to a deviation from this
linear behavior. Of course, a natural advantage of spon-
taneous four-wave mixing over spontaneous parametric
downconversion sources is that the interaction length can
be increased easily, simply by increasing the fiber length
(while, usually, non linear crystals tend to be limited in
length to a scale of mm or cm).
While in general it is not possible to find a closed an-
alytic expression for η, we will show in the next section
that this becomes possible under certain approximations.
B. Pulsed pumps: closed analytic expressions
In Ref. [6], we showed that it is possible to derive a
closed analytic expression for the joint spectral ampli-
tude (see Eq. (8)), if we resort to a linear approximation
of the phasemismatch. Specifically, this approximation
involves writing the phasemismatch (see Eq. (9)) as a
first-order Talyor expansion in the frequency detunings
ωµ−ωoµ (for µ = s, i) where ωoµ represents the signal and
idler frequencies for which perfect phasematching is ob-
tained. Here, we exploit this approximation in order to
obtain analytic expressions for the conversion efficiency.
We start by defining the function h(ωs, ωi), which con-
stitutes a factor in the integrand of the expression for the
conversion efficiency (see Eq. (19)).
h(ωs, ωi) =
ωsωik
(1)
s (ωs)k
(1)
i (ωi)
n2s(ωs)n
2
i (ωi)
. (20)
Next, we assume that h(ωs, ωi) varies slowly over the
spectral range of interest, so that we can consider it to
be a constant when evaluating the integral in Eq. (19).
We analyze first the general case in which the pumps
are non-degenerate, i.e. where they can differ both in
central frequency (ωo1 and ω
o
2) and in bandwidth (σ1 and
σ2). Following the treatment presented in section 2 of
Ref. [6] it is possible to find an analytic expression for
the conversion efficiency η (NDP below refers to non-
degenerate pumps)
ηNDP =
25~2c2n1n2γ2N1N2
(N1 +N2)
× erf
[
(
√
2B)−1
]
h(ωos , ω
o
i )∣∣k(1)1 − k(1)2 ∣∣∣∣k(1)i − k(1)s ∣∣ , (21)
where k
(1)
µ = k(1)(ωoµ) (with µ = 1, 2, s, i), where erf(x)
is the error function and where we have defined the pa-
rameter B as[6]
B =
(
σ21 + σ
2
2
)1/2
σ1σ2L[k
(1)
1 − k(1)2 ]
. (22)
Note that the only dependence of the conversion effi-
ciency on the pump bandwidth and the fiber length is
through the B parameter in the argument of the error
function. The error function in Eq. (21) implies that
ηNDP exhibits a saturation behavior when L or σ1,2 vary,
governed by the group-velocity mismatch between the
two pumps. For example, we expect that for fixed pump
bandwidths the conversion efficiency reaches a plateau at
the point where the two pump pulses no longer overlap
in time due to their different group velocities.
Let us now consider the degenerate pumps limit of
Eq. (21). In this case, making σ1 = σ2 ≡ σ and
P1 = P2 ≡ P , in the limit ωo1 → ωo2 ≡ ωo, Eq. (21)
reduces to
ηDP =
24~2c2n2(ωo)LσNγ2
√
pi
∣∣k(1)i − k(1)s ∣∣ h(ωos , ωoi ), (23)
where DP denotes degenerate pumps. In the above equa-
tion it is possible to observe that the SFWM conversion
efficiency increases linearly with fiber length and pump
pulse bandwidth, at least within the frequency range in
which the linear approximation for the phase mismatch
is valid.
Note that in both the degenerate pumps and non-
degenerate pumps cases, the emitted flux is inversely pro-
portional to the group-velocity mismatch between signal
and idler modes. As k
(1)
s approaches k
(1)
i , the orien-
tation of the phasematching function in the generated
frequencies space {ωs, ωi} approaches that of the pump
envelope function [6], with the implication that the emit-
ted bandwidth increases, and consequently the generated
flux also increases. In the case where k
(1)
s = k
(1)
i (which
would result from making the signal and idler frequen-
cies degenerate), the linear approximation is no longer
sufficient; second- and higher-order terms (not present
within this approximation) prevent the resulting diver-
gence in Eq. (21). From this analysis, it becomes clear
that sources with a small signal-idler spectral separa-
tion tend to exhibit a considerably higher brightness than
sources with a large signal-idler spectral separation.
C. Narrowband pump configurations
In this section, we focus our attention on SFWM pho-
ton pair sources involving pumps in the monochromatic
limit, i.e. for which σ1,2 → 0. If the SFWM process takes
place in a single transverse mode environment, such as a
single-mode fiber, factorability is enforced on the trans-
verse momentum degree of freedom, leaving frequency as
the only continuous-variable degree of freedom where en-
tanglement may reside. Let us note that SFWM sources
based on narrow-band pumps permit the emission of pho-
ton pairs which are highly entangled in frequency [21].
Here we present an analysis of the conversion efficiency
for this type of source.
6In order to proceed with the calculation we take the
limit σ1 = σ2 ≡ σ → 0 of the linear energy density
uz(z, t) (see Eq. (12)) [21], obtaining the following time-
independent expression
uz(z) = ϑcw
∫
dks
∫
dki `
3(ωs)`D(ωs)`
2(ωi)k
(1)
s
× |Fcw(ωs, ωi)|2, (24)
in terms of the joint amplitude function Fcw(ωs, ωi) and
of the parameter ϑcw, given by
Fcw(ωs, ωi) = δ(ωs + ωi − ω1 − ω2)
× sinc
[
L
2
∆kcw(ωs, ωi)
]
× eiL2 ∆kcw(ωs,ωi),
ϑcw =
23(2pi)22on1n2c
2
~2ω1ω2
L2γ2p1p2, (25)
where ∆kcw(ωs, ωi) is the phasemismatch, which is now
a function only of ωs and ωi
∆kcw(ωs, ωi) = k [(ωs + ωi + ω1 − ω2) /2]
+ k [(ωs + ωi − ω1 + ω2) /2]
− k(ωs)− k(ωi)− (γ1p1 + γ2p2). (26)
In Eq. (25), ων represents the frequency and pν rep-
resents the average power for each of the two pump
modes (with ν = 1, 2). Next, we define the spec-
tral linear energy density Uz(ks, z) corresponding to an
optical mode with propagation constant ks, such that
uz(z) =
∫
dksUz(ks, z). The signal-mode energy reach-
ing a detector placed at position z = zD during a time
interval ∆t is then given by U (ks) =
∫ zD
z′D
dzUz(ks, z),
where z′D = zD−∆t/k(1)s . Then, the signal-mode energy
reaching the detector from all modes ks is given by
U cws =
∫
dksU (ks). (27)
From Eq. (27), following a treatment similar to that
used for the pulsed-pumps case, it can be shown that the
number of photons reaching the detector during time ∆t
is given by
Ncw =
25n1n2c
2L2γ2p1p2∆t
piω1ω2
×
∫
dωh(ω, ω1 + ω2 − ω)sinc2[L∆k′cw(ω)/2], (28)
where ∆k′cw(ω) = ∆kcw(ω, ω1 +ω2−ω) and the function
h(ω, ω1 + ω2 − ω) is given according to Eq. (20).
The energy launched into the fiber corresponding to
pump mode ν (with ν = 1, 2) during the time interval
∆t is Uν = pν∆t, so that the total photon number from
two pumps in the time interval ∆t can be obtained as
Np,cw =
p1ω2 + p2ω1
ω1ω2
∆t
~
, (29)
and therefore, the conversion efficiency ηcw = Ns/Np,cw
in the process of SFWM with monochromatic pumps is
given by
ηcw =
25~c2n1n2
pi
L2γ2p1p2
p1ω2 + p2ω1
×
∫
dωh(ω, ω1 + ω2 − ω)sinc2[L∆k′cw(ω)/2]. (30)
III. CONVERSION EFFICIENCY IN SPECIFIC
SITUATIONS
In this section, we present the results of simulations of
the expected conversion efficiency as a function of vari-
ous experimental parameters: fiber length, pump power
and pump bandwidth. We also consider the depen-
dence of the conversion efficiency on the type of spec-
tral correlations between the signal and idler photons.
Note that for these simulations we have used the full
two-photon state, i.e. we have not resorted to approx-
imations. We compare these simulations with plots de-
rived from the analytic expressions for the conversion ef-
ficiency presented in Sec. II B. We include in our analysis
both, the degenerate and non-degenerate pump configu-
rations, as well as both, the pulsed and monochromatic
pump field regimes. We assume that the SFWM process
takes place in photonic crystal fibers (PCFs), which have
been widely used for the experimental implementation of
photon-pair sources [22–24]. PCF’s are typically charac-
terized by higher values of the nonlinearity coefficient γ,
due to a large core-cladding dielectric contrast, as com-
pared to typical telecommunications fibers. This leads
to larger rates of emission as is clear from Eqs. (19) and
(30). Furthermore, PCF’s permit the engineering of the
fiber dispersion properties and therefore of the resulting
photon-pair properties [6]. In the following three subsec-
tions, we specifically consider a PCF with a core radius
of r = 0.97µm and an air-filling fraction of f = 0.91;
these values were chosen so that a zero dispersion point
exists at λ = 0.715µm. The fiber dispersion properties
were calculated through the step-index model proposed
in Ref. [25]. We assume a repetition rate for the pulsed
pump modes of fr = 80MHz, a fiber length of L = 0.5m
(except in Sec. III A where we study the fiber length de-
pendence), an average pump power of p = 300µW (ex-
cept in Sec. III B, where we study the pump power depen-
dence), and a pump bandwidth of σ = 3.0THz (except in
Sec. III C, where we study the pump bandwidth depen-
dence).
7For the degenerate-pumps configuration, we assume
that the pump pulses are centered at λp = 0.708µm.
This leads to a numerically-calculated nonlinear coeffi-
cient, through Eq. (14), of γ = 137km−1W−1. The
pump peak power, with a value of 4.5W, derived from
σ = 3THz and p = 300µW, leads to generated signal and
idler wave-packets centered at 0.5759µm and 0.9185µm,
respectively. For this source configuration, the signal
and idler frequencies are nearly frequency-anticorrelated,
with an orientation of the joint spectrum in {ωs, ωi}
space of θsi = −40o with respect to the ωs-axis[6].
For the non-degenerate pumps configuration, we as-
sume that the two pump fields can be obtained as the
fundamental and second-harmonic signal of the same
laser system, thus facilitating the experimental imple-
mentation. As discussed in Ref. [6] this configuration
permits the generation of signal and idler modes, which
are sufficiently distant (in frequency) from the pumps, so
that the signal and idler modes remain uncontaminated
by photons produced by spontaneous Raman scatter-
ing. Specifically, we assume that the pump central wave-
lengths are λ01 = 0.521µm and λ
0
2 = 1.042µm, which leads
to a numerically-calculated nonlinear coefficient for the
SFWM interaction of γ = 131km−1W−1; we note that
this could be achieved with a Yb:KGW laser [26]. The
values of the source parameters which we have assumed
lead to signal and idler modes centered at λos = 0.5826µm
and λos = 0.8600µm, respectively. Similarly to the de-
generate pumps case above, parameters were chosen so
that this photon-pair source exhibits near spectral anti-
correlation, in this case with a joint spectrum oriented at
−41o in {ωs, ωi} space. It is worth mentioning that vari-
ations in the pump peak power (which can result from
variations of the average power or bandwidth) can pro-
duce a shift of the signal and idler central generation fre-
quencies due to the nonlinear term in Eq. (9) and could
also produce variations of the types of signal-idler spec-
tral correlations. However, we found that for the range
of peak powers considered in the following simulations,
these changes are negligible.
A. Fiber length dependence
Let us first consider the conversion efficiency for the
photon-pair sources described above as a function of the
fiber length. For the degenerate pumps configuration, the
pump bandwidth which we have assumed (σ = 3.0THz)
corresponds to a width in wavelength of ∆λ = 0.94nm.
The fiber length is varied between 0.15 and 1.0m. The
results obtained by numerical evaluation of Eq. (19) and
those obtained from analytic expressions (Eq. (23)) are
presented in Fig. 1(a). From this figure, it can be seen
that numerical and analytical results are in good agree-
ment over the full range of study, evidencing that the
analytical expression derived in the linear approximation
of the phase-mismatch is in fact an excellent approxi-
mation. As predicted by Eq. (23), the conversion effi-
ciency exhibits a linear dependence on fiber length. For
the longest fiber considered (L = 1.0m) approximately
5.3× 108 photon pairs per second are emitted.
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FIG. 1. (Color online) Conversion efficiency as a function
of the fiber length for the pulsed and monochromatic pump
regimes (denoted by η and ηcw, respectively), and for the
following configurations: (a) degenerate pumps, and (b) non-
degenerate pumps. The red squares represent results obtained
by numerical evaluation of Eq. (19). The solid-black line cor-
responds to results obtained from analytical expressions de-
scribed in section II B.
Likewise, considering the same fiber length range and
average pump power as above, we evaluate the conver-
sion efficiency ηcw as a function of the fiber length, in the
monochromatic pump limit. Results obtained by numer-
ical evaluation of Eq. (30) are represented in Fig. 1(a) by
a dashed-blue line. It can be appreciated that the depen-
dence of ηcw on L is, once again, linear. For the source pa-
rameters which we have assumed and for the longest fiber
length considered, approximately 5.0×104 photons/s are
generated, which is much lower than the emission rate at-
tainable in the pulsed pumps regime for the same fiber
length. This reflects a general trend: the conversion ef-
ficiency is higher for pulsed-pumps than for monochro-
matic pumps, because for SFWM (unlike for SPDC), the
emission rate depends on the peak power (which increases
with increasing pump bandwidths) rather than on the av-
erage pump power.
For the non-degenerate pumps configuration, we as-
8sume that the two pumps have the same bandwidth mea-
sured in frequency σ1 = σ2 = 3THz, corresponding to
∆λ1 = 0.51nm and ∆λ2 = 2.03nm. It is also assumed
that the pumps have the same average power, so that
P1 = P2. Fig. 1(b) shows the conversion efficiency as a
function of fiber length, in the range 0.15−1.0m. Clearly,
there is an excellent agreement between numerical and
analytical results calculated from Eqs. (19) and (21), re-
spectively. In this figure, we can appreciate that if the
fiber length exceeds a certain value, denoted by Lmax,
the conversion efficiency reaches a plateau. This effect is
related to the pulsed nature of the non-degenerate pump
fields; the two fields experience different group velocities
in the fiber. For a sufficiently long fiber, the pump pulses
no longer overlap temporally, and therefore photon-pair
generation ceases. Lmax is defined as the value of L which
makes the argument of the erf function in Eq. (21) equal
to 2 (for which the erf function attains 99.5% of its max-
imum value), which leads to the following expression
Lmax =
2
√
2
√
σ21 + σ
2
2
σ1σ2
∣∣k(1)(ωo1)− k(1)(ωo2)∣∣ . (31)
This equation implies that for fixed pump bandwidths,
the maximum interaction length between the pumps is
determined by the difference of their reciprocal group ve-
locities. Thus, pump fields with a considerable spectral
separation will tend to exhibit a short maximum inter-
action length, which will be reflected in a low emission
rate in comparison to that attainable in a degenerate
pumps configuration, as is the case for the sources as-
sumed for Fig. 1(a). In the particular case of Fig. 1(b),
the maximum interaction length is Lmax = 0.263m and
5.12 × 107 photon pairs per second are generated for a
fiber of length L = Lmax. Of course, if the temporal
duration of the pump pulses is increased, this will tend
to increase the maximum interaction length, since the
mode-1 and mode-2 pulses will remain temporally over-
lapped over a longer length of fiber. Results obtained
for the monochromatic pumps regime are also shown in
Fig. 1(b). In this case we assumed the same pump power
and fiber lengths as above. It can be appreciated that the
conversion efficiency increases linearly with fiber length
over the full range of fiber length values. Indeed, for non-
degenerate monochromatic pumps there is no maximum
interaction length.
From these results, it is evident that pulsed pump
regimes (both in the degenerate and non-degenerate
pumps configurations) lead to much higher conversion ef-
ficiencies than monochromatic pump regimes. This will
also be clear from the discussion in Sec. III C, where we
analyze the conversion efficiency as a function of pump
bandwidth. While non-degenerate pumps lead to a lower
conversion efficiency compared to degenerate pumps (for
given pump bandwidths), in this case the effect is much
less drastic than for pulsed vs monochromatic pumps.
Non-degenerate-pumps schemes offer some advantages
over degenerate-pumps schemes, despite the resulting
lower emission rates, especially in relation to the abil-
ity to generate signal and idler photons away from the
Raman gain bandwidth of fused silica.
B. Pump power dependence
We now turn our attention to the pump power depen-
dence, while maintaining the pump bandwidths fixed, of
the conversion efficiency. In order to compare sources
with pulsed and monochromatic pumps, we compute the
conversion efficiency as a function of the average pump
power together with, for the pulsed pumps case, a certain
value assumed for the repetition rate which characterizes
the pump-pulse train. We consider the sources described
above and vary the average pump power between 0.05
and 1.0mW. Under these conditions, for a repetition rate
of fr = 80MHz, the pump peak power varies within the
range 0.75− 15W, without an appreciable resulting vari-
ation of the spectral properties of the two-photon state.
Plots derived from our expressions (Eqs. (19) and (23))
are presented in Fig. 2(a), from which it is clear that
the conversion efficiency η is linear with pump power.
Note that this linear dependence becomes quadratic, if
the emitted flux Ns, rather than the conversion efficiency,
were to be plotted vs average pump power. This is a
different behavior from that observed for the generation
of photons pairs through spontaneous parametric down-
conversion (SPDC) in second-order nonlinear materials,
for which the conversion efficiency vs average power is
constant, while the emitted flux vs pump power is lin-
ear. This is related to the fact that two pumps, rather
than one, are required for SFWM. In fact, this represents
one of the essential advantages of SFWM over SPDC
photon-pair sources: while both processes are sponta-
neous, in some respects such as pump power dependence,
SFWM behaves as a stimulated process exhibiting the
same pump power dependence as second-order non-linear
processes such as second harmonic generation. At the
highest average pump power considered, Eq. (19) pre-
dicts the generation of 2.89× 109 photons pairs per sec-
ond. For the corresponding monochromatic pump case
(see dashed-blue line in Fig. 2(a), the number of photon
pairs generated for the highest pump power considered
becomes 2.75× 105 per second.
For the case of pulsed, non-degenerate pumps we can
analyze two distinct configurations. On the one hand,
the pumps can be non-degenerate in frequency, with the
same bandwidth so that σ1 = σ2 ≡ σ, which implies that
the corresponding peak powers are equal, i.e. P1 = P2,
if we assume the same repetition rate for both pump
modes. The numerical and analytical results obtained
from Eqs. (19) and (21) are shown in Fig. 2(b) (red
squares and solid-black line, respectively). As shown, at
the highest average power considered, around 5.7 × 108
photons per second are emitted. On the other hand,
the bandwidth of the two pump modes can be different.
In this case, for the same average power and repetition
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FIG. 2. (Color online) Conversion efficiency as a function of
average pump power, for pulsed and monochromatic pump
regimes (denoted by η and ηcw, respectively), and for the
following configurations: (a) degenerate pumps and (b) non-
degenerate pumps. The red squares and magenta circles are
results obtained by numerical evaluation of Eq. (19), while
the solid-black line corresponds to results obtained from an-
alytical expressions described in section II B.
rate, the peak powers are no longer equal, i.e. P1 6= P2.
In particular, we consider the limiting case where the
pump bandwidths are highly unequal, i.e. σ1  σ2 (or
σ2  σ1). In Fig. 2(b) we present results for σ1 = 0.1THz
and σ2 = 3.0THz, where we assume the same fiber
length as above (numerical: magenta circles and analyt-
ical: solid-black line). It can be appreciated that these
unbalanced pump bandwidths lead to an important re-
duction in the conversion efficiency η (while maintaining
the average pump power constant). The highest average
pump power considered results in 1.1× 108 photon pairs
emitted per second. This behavior can be understood
from Eqs. (21) and (22), from which we can show that
the condition σ1  σ2 implies that erf[1/
√
2B]  1. As
in previous cases, we can observe in Fig. 2 that analytical
results are in excellent agreement with numerical ones.
For comparison, the conversion efficiency derived from
Eq. (30) in the monochromatic pumps regime is also
shown in Fig. 2(b) (dashed-blue line). It can be appre-
ciated that the conversion efficiency in this configuration
is several orders of magnitude lower than for the pulsed
pumps case. Assuming p1 = p2, the emission rate at
the highest pump power considered is 2.3 × 105 photon
pairs per second. This is to be compared with a cor-
responding emission rate of 5.7 × 108 photon pairs per
second in the (non-degenerate) pulsed pumps regime, as-
suming the same average pump powers and a repetition
rate of 80MHz, when pumps have the same bandwidth.
Thus, as has been discussed before, the conversion effi-
ciency in the monochromatic pumps regime tends to be
significantly lower than for the pulsed-pumps regime.
C. Pump bandwidth dependence
In this section we turn our attention to the pump-
bandwidth dependence of the conversion efficiency (while
maintaining the energy per pulse, or alternatively the av-
erage power and the repetition rate, in each of the two
pump modes constant). We consider the same source pa-
rameters as above. Of course, as σ varies the pulse tem-
poral duration varies, and consequently the peak power
varies too. We consider first the degenerate-pumps con-
figuration. We evaluate the conversion efficiency from
Eqs. (19) and (23) for a pump bandwidth σ range
0.05−4.0THz (which corresponds to a Fourier-transform-
limited temporal duration range 0.59−47.07ps). Numer-
ical results (obtained from Eq. (19)) as well as analytical
results (from Eq. (23)) are shown in Fig. 3(a), exhibiting
good agreement and, for small σ, a linear dependence of
the conversion efficiency on σ. Note that for large values
of σ, there can be a deviation from the linear trend ap-
parent in Fig. 3(a). Indeed, large values of σ translate
into greater spectral width of the the signal and idler
wave-packets, with the effect that the linear approxima-
tion of the phasemismatch (upon which Eq. (23) is based)
no longer suffices. In the monochromatic limit, evalua-
tion of the conversion efficiency through Eq. (30) predicts
a value of ηcw = 1.156 × 10−11. The blue diamond in
Fig. 3(a) indicates the conversion efficiency in this limit;
it is graphically clear that the conversion efficiency val-
ues for σ 6= 0 (calculated from Eq. (19)) approach the
monochromatic-pumps limit (calculated from Eq. (30)).
We now consider the non-degenerate pumps case. We
vary σ in the range 0.05− 4.0THz and assume the same
fiber length, average pump power and repetition rate as
for the degenerate-pumps case. Fig. 3(b) shows numer-
ical results indicated by red squares superimposed with
analytical results (from Eq. (21)) indicated by the solid-
black line. Let us note that in this case, the flux depen-
dence vs σ is linear for small σ, and exhibits a satura-
tion effect around a specific value of σ to be referred to
as σmax. In order to understand this saturation effect,
we note that while the pump pulses remain temporally
overlapped (as in the degenerate case discussed above),
the conversion rate has a linear dependence on σ. How-
ever, for non-degenerate pumps, the two pump modes
propagate at a different group velocities, and the result-
ing maximum interaction length is given as in Eq. (31),
which for σ1 = σ2 ≡ σ scales as σ−1. This interaction
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FIG. 3. (Color online) Conversion efficiency as a function
of pump bandwidth, for pulsed and monochromatic pump
regimes (denoted by η and ηcw, respectively), and for the
following configurations: (a) degenerate pumps and (b) non-
degenerate pumps. The red squares are results obtained by
numerical evaluation of Eq. (19), while the solid-black line
corresponds to results obtained from analytical expressions
described in section II B. The blue diamonds represent the
conversion efficiency in the limit of monochromatic pumps.
length which decreases with σ offsets the conversion effi-
ciency per unit fiber length which scales as σ, leading to
the saturation effect. The bandwidth at which saturation
occurs, σmax, is defined as the value of σ which makes
the argument of the erf function in Eq. (21) equal to 2
(for which the erf function attains 99.5% of its maximum
value), which leads to the following expression
σmax =
4
L
∣∣k(1)(ωo1)− k(1)(ωo2)∣∣ . (32)
In the specific case which we have modeled, σmax =
1.58THz, which is indicated by a vertical dot-dashed line
in Fig. 3(b). As shown in the figure, the largest consid-
ered pump bandwidth leads to a conversion efficiency of
η = 2.18× 10−8, which corresponds to 5.13× 107 photon
pairs emitted per second. The corresponding conversion
efficiency obtained when pumps are in the monochro-
matic limit is ηcw = 8.7 × 10−12 and is indicated in the
figure by the blue diamond. It is graphically clear that
the conversion efficiency values for σ 6= 0 (calculated from
Eq. (19)) approach the monochromatic-pumps limit (cal-
culated from Eq. (30)). We note that if the spectral sep-
aration between the two pump modes is not too great,
temporal broadening of the pump pulses due to second-
order and higher-order dispersion effects lead to some
overlap between the pulses in the two modes even for
large values of σ. This implies that under these circum-
stances, the conversion efficiency does not reach a strict
plateau for σ > σmax.
Let us note that the behavior of SFWM sources in
terms of the pump-bandwidth dependence of the conver-
sion efficiency is different from that observed for photon-
pair sources based on SPDC. In the case of SPDC sources,
the corresponding dependence is constant within the
phasematching bandwidth of the nonlinear crystal. As
in the discussion related to pump-power dependence,
SFWM sources behave, in terms of the observed linear
dependence of the conversion efficiency on pump band-
width, as a second-order nonlinear stimulated nonlin-
ear process, such as second harmonic generation, would.
This has an important consequence: because the sponta-
neous Raman scattering flux, which tends to degrade the
quality of the source, exhibits a constant dependence on
σ [27], by increasing σ (which corresponds to shortening
the temporal duration of pump pulses), we can diminish
the relative weight of spontaneous Raman scattering as
a fraction of the total emitted light.
D. Dependence on type/degree of spectral
correlations
We have shown in Refs. [6, 21, 28] that it is possi-
ble to engineer the spectral entanglement properties of
photon pairs generated by SFWM sources. Recent ex-
perimental results [24, 29, 30] confirm the ability of engi-
neered sources to generate, in particular, factorable pho-
ton pairs. In this context, it is natural to ask how the
conversion efficiency depends on the type of spectral cor-
relations observed, a question which represents the focus
of this section.
In Ref. [6] we showed that the spectral entanglement
properties of the generated photon pairs can be con-
trolled by the pump frequency. For a fiber with two zero-
dispersion points within the spectral region of interest,
which can be the case of a photonic crystal fiber (PCF),
the generated signal and idler frequencies form a loop in
the space of generated frequencies vs pump frequency.
Each point around the loop corresponds to a specific an-
gle of orientation (covering all possible values between
0 and 2pi radians) of the phasematching function in the
space of generated frequencies {ωs, ωi}. We will illustrate
our discussion considering a degenerate-pumps SFWM
source based on a PCF with a core radius of r = 0.5µm
and an air-filling fraction of f = 0.6, which exhibits zero
dispersion points at 0.6592µm and at 0.8595µm (note
that this is a different fiber geometry from that assumed
for the last three subsections). For a pump wavelength
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λp = 0.75µm, we obtained a value of the non-linearity
coefficient of γ = 337km−1W−1, through numerical inte-
gration of Eq. (14). We assume the following choice of
parameters: average pump power of p = 300µW, pump
bandwidth of σ = 5THz and fiber length of L = 1m. Let
us note that we have assumed a sufficiently large pump
bandwidth, so that the photon-pair correlations are de-
termined by the phasematching function rather than by
the pump pulse bandwidth.
Figure 4(a) shows a plot of the ∆k = 0 contour (the
solid-black curve) in the {ωp,∆s,i} space, where the gen-
erated frequencies are expressed as detunings from the
pump frequency ∆s,i = ωs,i − ωp. Likewise, in this
figure the phasematching orientation angle (θsi), in the
{ωs, ωi} space, is represented by the colored background,
where it can be seen that this ranges from θsi = −90◦ to
θsi = +90
◦, indicated in blue and red respectively. Note
that phasematching occurs within a range of approxi-
mately 200nm. Here, we will concentrate on the ‘outer-
branch’ solutions (as opposed to the ‘inner-branch’ so-
lutions which flank the pump frequency, represented by
∆s,i = 0, at a much smaller spectral separation). The
outer branch is sufficiently removed from the pump that
contamination by photons generated by spontaneous Ra-
man scattering may be avoided.
We compute the conversion efficiency as a function of
the pump frequency, covering the following wavelength
range: 0.666 − 0.843µm. Fig. 4(b) shows the conver-
sion efficiency obtained numerically from Eq. (19) (red
squares) and the conversion efficiency obtained analyt-
ically from Eq. (23) (solid-black line). Because in gen-
eral to each pump frequency corresponds a given phase-
matching orientation angle value, these results can be
also plotted as a function of the orientation angle, as
shown in the inset of Fig. 4(b). From these results, it is
clear that anti-correlated two-photon states, character-
ized by θsi = −45◦, lead to a larger conversion efficiency
as compared to other orientations in {ωs, ωi} space. The
physical reason for this greater conversion efficiency is
that for θsi = −45◦, the phasematching function over-
laps the pump envelope function over a wider spectral
range, leading to a greater generation bandwidth which
tends to enhance the value of the integral in Eq. (19).
This behavior is also consistent with Eqs. (21) and (23),
where if k
(1)
s = k
(1)
i , which corresponds to θsi = −45◦, the
conversion efficiency diverges (within the linear approxi-
mation of the phasemismatch) and increases markedly if
higher-order terms are taken into account. Note that the
agreement between numerical and analytical results in
Fig. 4(b) is excellent. While we concentrated our discus-
sion in this section on the degenerate-pumps case, very
similar conclusions apply for the non-degenerate case.
IV. CONCLUSIONS
In this paper we have focused on the conversion ef-
ficiency of pump photons into signal and idler photon
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FIG. 4. (Color online) (a) Solid-black curve: phase-matching
(∆k = 0) contour for SFWM in the degenerate pumps case.
Colored background: phase-matching orientation angle. Note
that the pump frequency axis has been labeled with the cor-
responding wavelength values. (b) Conversion efficiency as a
function of the pump frequency, varied within the range for
which perfect phase-matching occurs. The inset corresponds
to the conversion efficiency η, expressed as a function of the
orientation angle.
pairs in the process of co-polarized, spontaneous four-
wave-mixing in single-mode optical fibers. We have de-
rived expressions for the conversion efficiency, defined as
the signal-mode, single-photon flux divided by the pump
flux, as a function of all relevant experimental param-
eters. Our analysis includes on the one hand both the
monochromatic and the pulsed pump regimes, and on
the other hand both the degenerate- and non-degenerate-
pumps configurations. These expressions are written in
terms of two-dimensional integrals, which for the case
of pulsed pumps we take to closed analytic form under
certain approximations. We present plots of the conver-
sion efficiency as a function of experimental parameters,
including: fiber length, pump power and pump band-
width, computed through numerical integration of our
conversion efficiency expressions. We verify that the cor-
responding conversion efficiency values computed from
our expressions in closed analytic form, for pulsed pumps,
are in good agreement. We find that the behavior of the
conversion efficiency with respect to pump power and
pump bandwidth is strikingly different from that ob-
served for spontaneous parametric downconversion. In
particular, the linear dependence of the conversion ef-
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ficiency on pump power (compared to the constant de-
pendence observed for SPDC) and the linear dependence
of the conversion efficiency on pump bandwidth in the
case of degenerate pumps (compared to the constant de-
pendence observed for SPDC) favor the design of bright
photon pair sources. We hope that this work will be use-
ful for the design of fiber-based, photon-pair sources, for
the next generation of quantum-information processing
experiments.
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